Developing strategies that reduce the impacts of climate change on biodiversity will require projections of the future status of species under alternative climate change scenarios. Demographic models based on empirical data that link temporal variation in climate with vital rates can improve the accuracy of such predictions and help guide conservation efforts. Here, we characterized how population dynamics and extinction risk might be affected by climate change for three spotted owl (Strix occidentalis) populations in the Southwestern United States over the next century. Specifically, we used stochastic, stage-based matrix models parameterized with vital rates linked to annual variation in temperature and precipitation to project owl populations forward in time under three IPCC emissions scenarios relative to contemporary climate. Owl populations in Arizona and New Mexico were predicted to decline rapidly over the next century and had a much greater probability of extinction under all three emissions scenarios than under current climate conditions. In contrast, owl population dynamics in Southern California were relatively insensitive to predicted changes in climate, and extinction risk was low for this population under all scenarios. The difference in predicted climate change impacts between these areas was due to negative associations between warm, dry conditions and owl vital rates in Arizona and New Mexico, whereas cold, wet springs reduced reproduction in Southern California. Predicted changes in population growth rates were mediated more by weather-induced changes in fecundity than survival, and were generally more sensitive to increases in temperature than declines in precipitation. Our results indicate that spotted owls in arid environments may be highly vulnerable to climate change, even in core parts of the owl's range. More broadly, contrasting responses to climate change among populations highlight the need to tailor conservation strategies regionally, and modeling efforts such as ours can help prioritize the allocation of resources in this regard.
Introduction
Climate change is expected to reorganize biological communities (Williams & Jackson, 2007) and may be a leading cause of extinction by the end of the century (IPCC, 2007) . Mitigating effects on biodiversity requires predicting the potential impacts to species under different climate change scenarios (Araú jo et al., 2005; Schrö ter et al., 2005) . Such predictions are most frequently made using species distribution models that link the occurrence of a species to environmental variables such as temperature and precipitation (Thuiller, 2003; Araú jo et al., 2005) . While this approach may be appropriate for species with limited information or for ensemble predictions that characterize general patterns for a large numbers of species, mechanistic models that incorporate life-history characteristics can increase the accuracy of predictions for well-studied species (Guisan & Thuiller, 2005; Keith et al., 2008; Morin & Thuiller, 2009 ). Temporal variation in weather conditions often drive changes in demographic processes such as survival and reproduction, and may ultimately determine the species persistence. As a result, projections of climate impacts on species increasingly link vital rates to predicted changes in climatic conditions. Such efforts suggest large declines or extinction in many species such as emperor penguins (Aptenodytes forsteri; Jenouvrier et al., 2009 ), Cassin's auklets (Ptychoramphus aleuticus; Wolf et al., 2010) , polar bears (Ursus maritimus; Hunter et al., 2010) , Eurasian oystercatchers (Haematopus ostralegus; van de Pol et al., 2010) , and three species of Procellariformes (Barbraud et al., 2011) .
Projecting the future status of a species can provide estimates of extinction risk and help prioritize populations or species in need of conservation action. However, because long-term demographic data required to link population growth to variation in weather are rarely available for multiple populations, such studies are typically limited to a single population. Widely distributed animal populations may experience markedly different weather-climate conditions in the future because climate projections indicate high spatial heterogeneity in warming, precipitation, and extreme events (e.g., drought; IPCC, 2007) . Moreover, relationships between a species' vital rates and weather conditions can vary regionally (Glenn et al., 2010) , reinforcing the need for analyses that assess potential climate change impacts on multiple populations based on established links between weather and demography.
The spotted owl (Strix occidentalis) is an appealing species to model regional differences in population dynamics induced by climate change. Spotted owls are adapted to cold weather as evidenced by thicker plumage than other owls (Barrows, 1981) and susceptible to heat stress because they have a narrow and low thermal neutral zone (Weathers et al., 2001) . Moreover, associations between annual variation in weather conditions and vital rates have been characterized throughout much of the owl's range using long-term datasets and standardized methods (Franklin et al., 2000; Seamans et al., 2002; LaHaye et al., 2004; Seamans & Gutiérrez, 2007; Glenn et al., 2010) . The spotted owl's range spans a diversity of physiographic regions from semi-arid environments in Mexico and the Southwestern United States to temperate rainforests in the Pacific Northwest, which appears to generate variation in population dynamics Glenn et al., 2010) . Nevertheless, a general pattern has emerged where cold, wet weather during the nesting period reduces reproduction likely via direct chilling effects on eggs and young, whereas hot, dry weather tends to reduce reproduction and survival likely via direct effects on owls or indirect effects on prey availability (Franklin et al., 2000; Seamans et al., 2002; LaHaye et al., 2004; Glenn et al., 2010) . As a result, it is unclear whether warmer climates will benefit or harm owl populations, and the extent to which owl populations will respond differently to projected changes in climate is uncertain.
We used stochastic population models parameterized with vital rates from long-term owl demography studies that were linked to annual variation in temperature and precipitation to assess the level of risk posed by climate change to three spotted owl populations in Arizona (Mexican spotted owl, S. o. lucida), New Mexico (S. o. lucida), and Southern California (California spotted owl, S. o. occidentalis). We estimated extinction risk in these regions at the mid-and end-of-century marks under three IPCC emissions scenarios, ranging from least to most severe: B1, A1B, and A2 (IPCC, 2007) . Because the Southwestern United States contains some of the most arid areas within the spotted owl's range and is considered a 'hot spot' for climate change (Diffenbaugh et al., 2008) , owls might be expected to be especially vulnerable to projected increases in temperature and decreases in precipitation (Fig. 1) .
Materials and methods
Our study areas were in the Coconino Plateau of central Arizona (585 km Arizona, 1990 to 2900 m in New Mexico, and 1440 to 2670 m in Southern California. All three study areas were embedded within larger, contiguous owl populations so that other owl territories occurred adjacent to study area boundaries. The Southern California study area only Fig. 1 Predicted change in mean maximum annual temperature and total precipitation from spotted owl study areas in Arizona, New Mexico, and Southern California under three IPCC emissions scenarios (B1, A1B, A2). Shown are ensemble (mean) projections from four general circulation model (CNRM-CM3, CSIRO-Mk3.0, ECHam5, MIROC3.2) downscaled to a resolution of 10 9 10 km grid cells. included the 550 km 2 subsection of a larger study area in the San Bernardino Mountains that was consistently surveyed in every year (LaHaye et al., 1994 (LaHaye et al., , 2004 . Weather on the study areas was characterized by warm summers and cold winters where most precipitation fell as snow, but Arizona and New Mexico also experienced a pulse of monsoonal rainfall in JulySeptember ( Fig. 2b and c) .
Relating spotted owl vital rates to annual variability in weather
Prior to projecting populations forward in time under alternative climate change scenarios, we first estimated annual survival and reproductive rates in Southern California (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) , Arizona (1991 ), and New Mexico (1991 and linked annual variation in vital rates to weather conditions using data collected with standardized spotted owl field methods described in previous studies (Seamans et al., 1999 Zimmerman et al., 2003; LaHaye et al., 2004) . Previous analyses of our study populations related spotted owl vital rates to annual variation in weather conditions LaHaye et al., 2004) . However, these studies used different weather variables and model structures to characterize weather demography-relationships on the three study areas, and did not use weather variables for which predictions existed under the various climate change scenarios. We therefore re-analyzed relationships between owl vital rates and weather with temperature and precipitation variables and model structures that were consistent across the three regions, and weather variables for which climate change predictions were available. We considered eight temperature (T) and precipitation (P) variables that reflected weather conditions during time periods believed important to the life history of spotted owls based on previous studies LaHaye et al., 2004) . These included the nesting season (N; March-April), winter (W; November-March), growing season (GS; MarchSeptember), and the entire annual cycle in either 1 or 2 years prior to the survival interval or reproductive event (Y 1 and Y 2 ). Temperature variables reflected means of daily minimum or maximum temperatures within periods, whereas precipitation reflected the total amount of precipitation that occurred within periods (see Table S1 in Supporting Information). We used daily minimum and maximum (rather than daily mean) temperatures because temperature extremes can lead to higher metabolic costs and minimum temperatures have been shown to influence the timing of breeding in birds (Brown et al., 1999; Parmesan et al., 2000) . Moreover, cold temperatures (i.e., minimums) may reduce activity, growth, and reproduction in small mammals (Vickery & Bider, 1981; Perrigo, 1990) . Weather variables were calculated using data from the National Climatic Data Center (NCDC, 2010) collected at one primary weather station within or immediately adjacent to each study area (Mund's Park in Arizona, Reserve Ranger Station in New Mexico, and Big Bear Lake in Southern California). Data for missing months were interpolated from nearby weather stations.
We used mixed-model analysis of variance (PROC MIXED in SAS v9.2; Littell et al., 2006) to model associations between annual variation in weather variables and spotted owl reproductive output (R), defined as the number of fledged young per territorial owl pair (0-4). Despite the fact that R was an integer variable, standard regression models that assume normally distributed residuals have been shown to outperform Poisson regression in analyses of spotted owl reproductive data (McDonald & White, 2010) . We considered weather variables as annual covariates, female stage [subadult (1-and 2-year olds) versus adult ( ! 3-year olds)] as a fixed effect, and year and territory as random effects. We combined 1-and 2-year old subadults into a single stage class because of limited samples sizes of subadults (particularly in Arizona and New Mexico). Prior to modeling associations between weather variables and R, we first compared the level of support for a model containing only a stage-class term R(stage) to an intercept-only model R(.). If R(stage) received more support than R(.), we included stage class as a factor in all subsequent weather models. We then developed 11 a priori models that represented combined hypotheses about relationships between reproductive output and the eight temperature and precipitation variables (Table S2 ). The first six models reflected possible negative effects of warm, dry weather conditions on reproductive rates, and the remaining models described possible negative effects of cold, wet conditions during the winter and nesting period. A model, for example, including the effect of growing season precipitation on reproductive output was denoted R(P GS ).
We used Cormack-Jolly-Seber open population models implemented within Program MARK (White & Burnham, 1999) to estimate survival rates and model associations between annual variation in survival and weather. Because recapture rates for juveniles were low in Arizona and New Mexico, we excluded juveniles from the analysis and fixed juvenile survival to 0.4 9 adult survival in all population projections described below (Zimmerman et al., 2007) . When modeling survival rates, we used the best structure for recapture rates identified in previous analyses of these data and included stage as an effect if previous studies had detected differences in survival between stage classes (Seamans et al., 2001; LaHaye et al., 2004) . We considered 10 a priori survival models that incorporated weather variables as annual covariates and reflected hypotheses about relationships between owl survival and weather conditions (Table S2) .
We evaluated support for competing models using AIC c and AIC c -weights (w; . To determine if weather models were more supported than a model without weather variables, we compared AIC c for each model to an intercept-only model. If both a model containing the negative effects of cold or wet conditions and a model containing the negative effects of warm or dry conditions were ranked higher than the intercept-only model, weather covariates from these two models were combined into a single additional model. We used model averaging procedures to develop survival and reproduction functions that accounted for model uncertainty for use in population projections . Specifically, parameter estimates were averaged among a set of R models based on the AIC c weights of each model i (w i ), which was estimated as follows: .
We conducted variance components analysis (Searle et al., 1992; Franklin et al., 2000) for reproduction and survival models to (i) quantify the amount of inter-annual variability in these parameters due to environmental factors (temporal process variance or r 2 temporal ), (ii) determine how much temporal process variance was explained by weather variables, and (iii) incorporate temporal process variance not explained by weather variables into population projections (see below was estimated from the variance component associated with the random year effect in a model without weather variables (i.e., an intercept-only model) and r 2 residual was estimated from the variance component associated with the random year effect in the model with weather variables using PROC MIXED in program SAS (Littell et al., 2006) . We then estimated r 2 weather by subtracting r 2 residual from r 2 temporal , as described by Franklin et al. (2000) and Seamans et al. (2002) . For φ, we used the variance components estimation procedure in program MARK to estimate r 2 temporal from a model without weather covariates or time constraints (i.e., an intercept-only model) following (White et al. 2002) . We estimated r 2 residual using a model with weather covariates, and then subtracted r 2 residual from r 2 temporal to obtain an estimate of r 2 weather .
Projecting spotted owl populations under climate change scenarios
We projected spotted owl populations in Arizona, New Mexico, and Southern California forward in time under three IPCC emissions scenarios and estimated risk of extinction using stage-based matrix models. We compared estimates of risk for the three emissions scenarios to risk under 'current' climate conditions (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) because inherent uncertainty in model parameters and structure can render predictions of absolute extinction risk problematic (Morris & Doak, 2002) . Matrix models were female-based and stochastic vital rates were allowed to fluctuate annually based on simulated weather conditions (see below). We considered juveniles, 1-year old subadults, 2-year old subadults, and adults as stages in the model, and the latter three stages were further broken into both territorial and notterritorial (floater) classes for a total of seven stages ( Fig. 3a and b). We included floaters that could transition to the territorial stage classes if vacant territories were available (i.e., the population was below carrying capacity) according to the growth parameter g to model possible buffering effects of surplus individuals produced in favorable years. Methods used to incorporate density dependence and carrying capacity are provided in Appendix S1.
Survival (φ j,t ) and fecundity (m j,t ) rates for stage class j in year t were generated randomly using (a) model-averaged parameter values relating vital rates to weather conditions, and (b) variance components derived from the reproductive and mark-recapture analyses described above. We assumed an even sex ratio for all stage classes such that fecundity (the number of female offspring produced per female of breeding age) could be estimated as half of reproductive output. Thus, functions for generating fecundity and survival values in the population projections were expressed as:
where b 0 represented an intercept term, b 1,j represented the effect of stage class j on fecundity or survival, x i,t represented weather variable i (i = 2,3,…,n) in year t, and b i represented model-averaged parameters that scaled survival and fecundity to x i,t . The term stage represented a dummy variable for stage class (subadult = 0, adult = 1) and was included only if stage class was supported in the statistical models of reproductive output and survival as described above. Note that a single dummy variable was sufficient to describe differences in vital rates among stages because (i) reproduction and survival for 1-and 2-year old subadults were modeled jointly in statistical analysis, (ii) we assumed that survival rates did not differ between floater and territorial owls in the projection model, and (iii) floaters and juveniles did not reproduce. We incorporated temporal process variance in fecundity resulting from unexplained factors with the term r residual (the square root of the residual variance component, r 2 residual ) and e t(1) (a year-specific standard normal deviate). We added unexplained variation in survival rates and incorporated covariance between fecundity and survival rates in the second equation using the term r residual qe tð1Þ þ ffiffiffiffiffiffiffiffiffiffiffiffiffi 1 À q 2 p e tð2Þ , where ρ represented the correlation coefficient between annual estimates of adult fecundity and survival during the study periods and e t(2) was a second standard normal deviate (Lange, 2010) . Correlation coefficients between annual estimates of φ and m were 0.57, 0.47, and 0.23 for the Arizona, New Mexico, and Southern California study populations, respectively. Correlations between simulated fecundity and survival rates for the population projections typically matched these coefficients closely.
We randomly generated values for weather variables x i in year t from multivariate normal distributions with means, standard deviations, and correlation coefficients (between pairs of weather variables) estimated from empirical weather variables and methods described by Lange (2010; p. 446) . To generate values for future weather variables x i,t under various climate changes scenarios, we used average (ensemble) projected changes among four GCMs (CNRM-CM3, CSIROMk3.0, ECHam5, MIROC3.2) downscaled to a resolution of 5 arc-minutes (~10 km) for each study area (Jones et al., 2009) . Average changes in temperature and precipitation across the four GCMs were calculated from the differences in projected values between the reference period , the midcentury mark (2041) (2042) (2043) (2044) (2045) (2046) (2047) (2048) (2049) (2050) (2051) (2052) (2053) (2054) (2055) (2056) (2057) (2058) (2059) (2060) , and end-of-century (2081-2100) mark (Table S3 ). All four GCMs predicted increases in temperature and decreases in precipitation for the three study areas by the end of the century. Predictions of increases in mean daily minimum and maximum temperature were reasonably consistent among models; for example, under the A2 emissions scenario, maximum temperatures were predicted to increase from 3.5 to 6.2°C (mean = 4.6°C) in Arizona, 3.7 to 6.3°C (mean = 4.9°C) in New Mexico, and 2.8 to 5.3°C (mean = 3.9°C) in Southern California by end-of-century, depending on the GCM. Predictions of changes in precipitation under this scenario and time horizon were, for the most part, consistent among GCMs, with total annual rainfall predicted to decline by 5.3 to 10.9 cm (mean = 8.1 cm) in Arizona, 1.6 to 9.4 cm (mean = 6.8 cm) in New Mexico, and 2.4 to 6.4 cm (mean = 6.0 cm) in Southern California. Predicted increases in temperature and declines in precipitation were generally greatest for MIROC3.2 and generally smallest for CSIRO-Mk3.0.
Under the current climate scenario, we projected owl populations forward in time with weather variable means and standard deviations derived from the three local weather stations during the study periods. When modeling owl populations under the three emissions scenarios, means derived from weather stations were used at the beginning of the projection period, but we assumed that temperature and precipitation changed linearly over time from the year 2000 to the middle of the mid-century weather projections (2050), and from mid-century to the middle of end-of-century mark (2090) based on the values in Table S3 . While greater temporal variability in temperature and precipitation is expected under climate change, estimates for projected change in weather variability are rare and subject to considerable uncertainty (IPCC, 2007) . Therefore, we compared extinction risk associated with no change in variability to risk estimated assuming a doubling of the standard deviation in weather variables, which may be representative of future climate conditions (e.g., Schär et al., 2004) .
Spotted owl populations were projected forward in time using the following equation:
nðt þ 1Þ ¼ AðtÞÁnðtÞ where n(t) was a vector of abundances of individuals in the seven stage classes in year t, and A(t) was the matrix of vital rates in year t (Fig. 3b) . Typical parameter values used in simulations resulted in declining populations that often went extinct under baseline climate conditions, we suspect in part because typical matrix models do not incorporate immigration processes (Peery et al., 2006) . Indeed, unbanded and presumably immigrant individuals were frequently detected in our study areas because almost all juveniles born on the study areas were captured and banded each year (R. J. Gutiérrez, unpublished data). Therefore, we set the immigration rate (i t ) to 0.10 for all climate scenarios, which resulted in populations that were approximately stable under baseline conditions over the projection period (see below). Specifically, the number of immigrants (I t ) added to the population in each year t was calculated as I t = N tÀ1 * i t , and as a result, the number of immigrants increased with population size. Study populations were imbedded within larger regional populations and had dynamics that likely covaried with owls in the surrounding landscape (LaHaye et al., 1994; Seamans et al., 2002; see below) . Thus, it seems reasonable that, as the size of our study populations declined (or increased), fewer (more) individuals in the surrounding landscape were available to immigrate into study populations. Immigrants entered the populations as territorial 1-year olds if territories were available and as 1-year old floaters if all territories were occupied.
We set initial population size (i.e., number of territorial females) for all three populations to 40 to ensure that estimates of risk did not differ between study populations simply due to differences in the number of owls that occurred within subjectively delineated study areas embedded within larger, contiguous populations. While initial population sizes were larger than estimates of the number of territories, particularly in New Mexico (Southern California = 39, Arizona = 31, New Mexico = 24), several owl pairs occurred immediately outside of the boundaries of all three study areas and weather effects on owls probably do not differ substantially on such small geographic scales (LaHaye et al., 1994; Seamans et al., 2002; see below) . We set carrying capacity to 60 for each study based on the total number of unique territories occupied during the study period (Arizona = 63, New Mexico = 47, and Southern California = 51).
We treated the year 2000 (the approximate last year of all three demographic studies) as the initial year of the projection and estimated extinction probability at years 2050 (i.e., the middle of the IPCC's mid-century mark) and 2090 (i.e., the middle of the IPCC's end-of-century mark). We simulated five hundred populations and treated the proportion of simulated populations with less than a subjectively selected quasi-extinction threshold of 5% of the original population (i.e., 2 individuals) at the mid-century and end-of-century marks as extinction probabilities.
We estimated the sensitivity of spotted owl extinction probabilities and population growth to potential changes in temperature and precipitation using two different methods. The first was a 'brute force' approach where we manipulated temperature and precipitation variables independently in the simulation model according to predictions under the A2 emission scenario and then estimated the change in extinction probability (DExtinct; Morris & Doak, 2002) . The second approach involved a life-stage simulation analysis (LSA; Wisdom & Mills, 1997; Wisdom et al., 2000) , which we used to predict (i) how much the annual population growth rate (k) was expected to change (Dk) as a function of manipulating individual weather variables, and (ii) the proportion of variation in k (R 2 ) explained by randomly varying weather variables according to predictions under the A2 emissions scenario (see Appendix S2 for details of the LSA). However, it is important to note that, strictly speaking, the sensitivity of k to weather variables estimated with the LSA approach applies only to populations experiencing deterministic growth, that are below carrying capacity, and are closed to immigration. However, we felt it important to understand how underlying population dynamics (i.e., k) were affected by changes in temperature and precipitation given the Southern California population rarely went extinct using the stochastic projection model (see below). Moreover, simulated populations in Arizona and New Mexico were generally below carrying capacity under the A2 emissions scenario.
Results

Relating spotted owl vital rates to annual variability in weather
We assessed reproductive status in 238 cases and captured 131 individual owls (68 as subadults and as 63 adults) for mark-recapture analyses in Arizona. The best reproduction model (R(P GS + T N )), indicated that reproductive output increased with growing season precipitation and decreased with minimum nesting season temperatures (Fig. 4) . This model explained 70.0% of the variation in reproductive output and was the only model in the 80% confidence set (Table S5 ) so we used it as the reproduction function for the Arizona study area (Table 1) . The best survival model uðP Y1 Þ, indicated that survival increased with the amount of precipitation the previous year (Fig. 3) . Model uðP Y1 þ T GS Þ was a closely competing model (Table S5) that indicated survival declined with increasing maximum temperatures in the growing season. These two weather variables were moderately and negatively correlated (r = À0.63; Table S4 ), indicating that warm and dry conditions tended to coincide, and together were associated with lower survival in Arizona. Parameters from these two survival models explained 41.1% of the annual variation in survival and were model-averaged to develop a survival function for population projections (Table 1) .
We assessed reproductive status in 198 cases and captured 110 territorial owls (46 as subadults and 64 as adults) for mark-recapture analyses in New Mexico. The best weather-reproduction model (R(T GS )) indicated that reproductive output declined with increasing growing season temperatures (Fig. 4) . This was the only model ranked higher than an intercept-only model, but three other models (R(P GS ), RðP Y1 Þ, and (R (T N )) occurred within the 80% confidence set. These three models indicated that reproductive output increased with yearly and growing season precipitation and declined with nesting season temperature (Table S6 ). P GS and P Y1 were negatively correlated with T GS (r = À0.73 and À0.61, respectively; Table S4 ), indicating that warm and dry conditions tended to coincide, and together were associated with lower reproduction in New Mexico. These models explained an average of 33.3% of the variation in reproductive output ( Table 1) . The best survival model (φ(T GS )) indicated that survival declined with growing season temperature (Fig. 4) . However, model uncertainty was high with nine models in the 80% confidence set (Table S5 ) and model-averaged parameters only explained 15.5% of the variation in survival (Table 1) .
We assessed reproductive status in 734 cases and captured 201 individual owls (65 as subadults and 136 as adults) for mark-recapture analyses in Southern California. The best reproduction model (R(T N )) suggested a positive association between reproductive output and minimum nesting season temperatures (Fig. 4) . Two additional models ðRðP Y1 þ T N ÞÞ and (R(P N + T N )) occurred in the 80% confidence set, and indicated that reproduction increased with annual precipitation and declined with nesting season precipitation (Table S7) . These models explained an average of 67.5% of the variation in reproductive output (Table 1) . The best survival model ðuðP Y2 ÞÞ indicated that survival was positively associated with precipitation over the two previous years (Fig. 4) . Four other survival models with weather variables occurred in the 80% confidence set, three of which indicated that precipitation was positively associated with P Y1 or P Y2 , and explained 85.1% of the variation in survival (Table 1) .
Projecting spotted owl populations under climate change scenarios
Mean adult fecundity and survival (among simulated populations) declined under the three emissions scenarios by the mid-and end-of-century marks in Arizona and New Mexico (Fig. 5) . Proportionally, expected declines in fecundity were greater than declines in survival as, for example, fecundity declined from 0.542 to 0.095, whereas survival declined from 0.817 to 0.750 under scenario A2 in Arizona by the end of the century. In contrast, fecundity was expected to increase in Southern California under climate change, although survival rates in Southern California were not affected by predicted changes in temperature or precipitation (Fig. 5) . Populations in Arizona and New Mexico declined gradually assuming current climate conditions, but both populations were predicted to decline rapidly under all three emissions scenarios (Fig. 6) . Indeed, mean population trajectories differed little among the three scenarios or between areas for a given scenario. Population projections were less variable in New Mexico than in Arizona because of less temporal variance in survival rates and because weather variables explained a lower amount of the variance in both survival and reproduction in New Mexico (Table 1) . Owls in Southern California were also projected to decline slightly under current weather conditions, but the mean trajectory remained near or at carrying capacity under all three emissions scenarios.
At the mid-century mark, extinction probabilities increased from 0.01 under the baseline climate to 0.12-0.21 in New Mexico depending on the emissions scenario and assuming no change in the variability of temperature and precipitation (Table 2) . Similarly, extinction probability increased from 0.04 under the baseline to 0.21-0.40 in Arizona depending on emissions scenario by mid-century. By the end of the century, extinction probabilities increased to ! 0.78 for all three emissions scenarios in both Arizona and New Mexico and to ! 0.93 for scenarios A1B and A2. Doubling the amount of variability in temperature and precipitation variables increased extinction probability by up to 0.17 in Arizona at the mid-century mark depending on emissions scenario (Table 2) . Increasing weather variability did not result in meaningful change in extinction probability in New Mexico at the mid-century mark, or in either Arizona or New Mexico at the end-of-century mark because extinction probabilities were near or equal to 1.0. Extinction probabilities were 0.06 in Southern California under baseline conditions, but decreased to essentially zero for all three emissions scenarios and were not affected by doubling the variability in temperature and precipitation.
The probability of extinction in Arizona was most sensitive to changes in P Y1 and T N (DExtinct = 0.42 and 0.49, respectively) when temperature and precipitation variables were manipulated independently in the simulation model (Table 3 ). However, under the assumption that the population was below carrying capacity and closed to immigration, LSA suggested that deterministic population growth was considerably more sensitive to changes in T N (R 2 = 0.84 and Dk = À0.155) than P Y1
(R 2 = 0.17 and Dk = À0.063; Table 3 ). In New Mexico, sensitivity analyses indicated that both the probability of extinction and population growth were highly sensitive to changes in T N (DExtinct = 0.73, R 2 = 0.92, Dk = À0.094) and relatively insensitive to other weather variables. In Southern California, extinction risk was insensitive to changes in weather variables because extinction probabilities were low under baseline conditions and declined to essentially zero for changes in all weather variables. However, LSA suggested that deterministic population growth was most sensitive changes in T N in the absence of immigration and when the population was below carrying capacity.
Discussion
Our results suggest that Mexican spotted owls may be highly vulnerable to climate change, even in the core of the subspecies' range in central Arizona and west-central New Mexico, whereas California spotted owls in Southern California may be comparatively more resilient to climate change. Warm temperatures and low precipitation appeared to have a negative influence on both reproductive output and survival rates in Arizona and New Mexico, and predicted increases in temperature and decreases in precipitation translated to rapidly declining owl populations in these two regions over the next century. We found more support for temperature effects in Arizona and New Mexico than Seamans et al. (2002) , likely because of the somewhat longer time series of data in the current study (11 vs. 8 years) , the final year of the study was the warmest year observed, and no young were fledged on either study area in the final year. A relatively low percentage of the variability in reproduction and survival was explained by weather variables in New Mexico, presumably because other non-weather factors also influenced temporal variation in vital rates, and the lower explanatory power inevitably translates into greater uncertainty in predictions of this population's response to climate change. Nevertheless, even with a modest amount of explanatory power, the difference between population projections under the baseline and the three climate change scenarios was considerable and the New Mexico population was predicted to decline rapidly in a warming and drying climate.
Some temperature and precipitation variables in models used to project owl populations in Arizona and New Mexico were negatively correlated (particularly P Y1 and P GS with T GS ; Table S4 ), suggesting that warm, dry conditions coincided and that vital rates were low in such years. However, extinction probabilities and population growth in Arizona were most sensitive to T N and P Y1 and these variables were not correlated, indicating that changing temperature and precipitation may affect owl population viability independently. We suspect that the negative impacts of warm and dry conditions on vital rates (and thus predictions of risk) were, in part, the result of declines in prey availability mediated by reduced primary productivity . Warm temperatures and low precipitation can limit vegetative growth, mast production, and seed production that are important for small mammal productivity and over-winter survival . Moreover, P Y1 and T GS in Arizona and New Mexico reflected weather conditions outside of the nesting season and, therefore, were less likely to have direct effects on eggs or young and impact reproductive output. Somewhat surprising was the negative relationship between T N and reproductive output in Arizona, which Table 2 Quasi-extinction probabilities for spotted owls in Arizona, New Mexico, and Southern California by IPCC emissions scenario assuming a quasi-extinction threshold of 2 individuals. Extinction probabilities were estimated at the mid-century (Mid) and end-of-century (End) marks. Extinction probabilities were also estimated assuming that annual variability in weather variables remained constant and the standard deviation in weather variables doubled by the end of the century (2 9 SD) was a strong driver of the owl's negative predicted response to climate change in Arizona. Cold, wet springs were correlated with lower reproductive success and recruitment in several spotted owl populations in northern California and Oregon presumably due to the chilling and mortality of eggs and young (Franklin et al., 2000; Glenn et al., 2010) . Any explanation for the negative relationship between nesting season temperatures and reproduction in Arizona is necessarily speculative given that we measured neither weather effects on prey availability nor owl physiology and energy expenditure. However, the Arizona population occurs in an area dominated by well drained soils such that elevated spring temperatures could lead to earlier snow melt and lower soil moisture. Reduced soil moisture could in turn affect plant growth, which would reduce the abundance of herbivorous small mammals and ultimately impact the reproductive output of owls. Indeed, reproductive output in owls is often measured in July and August, leaving several months for warm spring conditions to impact plant growth and small mammal availability.
As expected, cold, wet spring conditions reduced reproductive success in Southern California based on previous analyses for this population (LaHaye et al., 2004) , as well as studies of spotted owls in other regions (Glenn et al., 2010) . Our modeling results suggest that, as the climate warms and dries in this region, reproductive output in spotted owls could increase and reduce extinction risk relative to other populations. The simulation model did not explicitly incorporate the effects of sampling uncertainty and ignoring sampling variation can affect inferences from stochastic population models (McGowan et al., 2011) . Nevertheless, the lower prediction of risk for Southern California was robust to uncertainty in the slope parameter relating fecundity to spring temperatures, the most important driver of population growth in this region. Specifically, the probability of quasi-extinction only increased from 0 to 0.05 when the lower 95% CL for b TN (0.0460) was used to parameterize the model instead of the model-averaged maximum likelihood estimate (0.1405).
Increases in temperature will likely be more important drivers of spotted owl declines in Arizona and New Mexico over the next century than changes in precipitation based on sensitivity estimates (Table 3) . Spotted owls may possess adaptations that will allow them to cope with anticipated changes in precipitation, but not temperature because predicted increases in temperature relative to annual variation in temperature currently experienced by owls is appreciably greater than is the case for precipitation. For example, nesting season temperatures in Arizona are expected to increase by 4.6°C under scenario A2 by the end of the century, whereas the standard deviation in nesting season temperate observed during our owl field study was 1.4°C (a ratio of 3.3). By comparison, annual precipitation in Arizona is expected to decrease by 8.1 cm under scenario A2 by the end of the century, relative to a standard deviation of 8.0 cm (a ratio of 1.0).
Classic population theory predicts that increasing environmental variability increases extinction risk (Shaffer, 1981 (Shaffer, , 1987 Lande, 1993) . While a doubling of annual variation in weather variables did result in modest increases in extinction risk for spotted owls in Arizona under all three emissions scenarios at the midcentury mark, extinction risk was generally more sensitive to expected changes in the mean than the standard deviation in weather variables in all three regions. Increases in extinction risk due to greater environmental variability were not observed at the end of the century because changes in mean temperature and precipitation resulted in almost certain extinction, regardless of the level of environmental variability. Increased annual variation in weather had a negligible effect on extinction risk in New Mexico, even at the mid-century mark when risk was low, presumably because weather explained less variation in vital rates and vital rates were less variable in this region (Table 2 ). However, we did not consider the possible effects of increases in the frequency and intensity of extreme weather events such as heat waves and droughts which are predicted to have negative consequences on avian abundance and diversity (Albright et al., 2010 (Albright et al., , 2011 .
Implications for spotted owl conservation
The high level of risk predicted for the Arizona and New Mexico populations does not bode well for Mexican spotted owls because these two areas occur within the core of the subspecies' range where densities are high. Because our modeling effort was limited to two sites within a large geographic area, it is uncertain whether predicted declines will translate into the extirpation of owls from the two study areas, regional extinction (e.g., loss of owls in central Arizona and west-central New Mexico), or the total extinction of the Mexican subspecies. However, we suspect that climate change will cause declines or the extirpation of Mexican spotted owls over larger geographic regions than the two study areas. Weather patterns at the two sites, such as the amount of monsoonal precipitation, are driven by regional processes that affect much of the Southwest and vital rates in the two populations tracked each other closely during our study periods indicating that these regional processes are important drivers of Mexican spotted owl population dynamics (Fig. 7) . Moreover, many Mexican spotted owl populations are much smaller and more geographically isolated than our study populations, and would be more likely to go extinct without being recolonized.
We consider it less likely that climate change will result in the overall extinction of Mexican spotted owls. Owls may be able to track northward and altitudinal shifts of their montane habitats (especially mixed conifer and pine-oak forests) because individual Mexican spotted owls have been documented making long-distance movements among mountain ranges and across areas of unsuitable habitat (Gutiérrez et al., 1996) . In addition, shifts in preferred forest types could result in the establishment of owl habitat in Rocky Mountains north of the owl's current distribution. However, while Mexican spotted owls may be physically able to track shifting habitats, their ability to successfully colonize new areas will depend on the time it would take for their preferred forest types to establish themselves with requisite understory species, vertical structure, and age. Indeed, such changes could take hundreds of years to develop, particularly the growth of trees at high elevations to sizes that would be suitable for spotted owls, so the possibility of owls tracking habitat is less plausible over the short term. Our results suggest that efforts to maintain viable populations of Mexican spotted owls should consider conservation of potential future owl habitat at sites higher in altitude and latitude than currently occupied by this subspecies, such as in the Rocky Mountains or in spruce-fir zones of southwestern mountains.
The greater predicted level of risk posed by climate change to spotted owls in Arizona and New Mexico compared to Southern California suggests that conservation resources intended to reduce the negative impacts of climate change on spotted owls may be more effectively applied to the former rather than the latter regions. However, several important caveats need to be considered when considering relative levels of risk facing these populations. California spotted owls in Southern California appear less prone to disperse among mountain ranges than Mexican spotted owls (LaHaye et al., 1994; Gutiérrez et al., 1996) , and may be less able to track shifting habitats. Moreover, spotted owl populations in Southern California are subject to a number of unique threats (as well as more common threats such habitat loss due to logging) given their proximity to major metropolitan areas that we did not incorporate into our model such as air pollution, urbanization, and increasing geographic isolation (LaHaye & Gutiérrez, 2005; Eliason & Loe, 2011) . Owls in the San Bernardino Mountains have declined since the end of our study period, possibly as a result of these factors as well as drought-and fire-induced loss of habitat (Eliason & Loe, 2011) . While it is unclear whether drought and fires were attributable to climate change and considerable uncertainty and geographic variation exists in predictions of wildfires in response to future climate change (Krawchuk et al., 2009) , some have predicted a greater frequency of wildfires in the San Bernardino Mountains over the next century (Westerling & Bryant, 2008) . Fire effects on spotted owls are not well understood. California spotted owls appear to be resilient to forest fires that result in patches of different burn severities (Bond et al. 2002 , Roberts et al. 2011 and some owls preferentially use high-severity burned forests for foraging up to 4 years after a fire (Bond et al. 2009 ). Although wildfires (to the extent that they increase with a changing climate) will likely have longterm impacts on spotted owls in the region, these effects have not been quantified to date and are still uncertain.
Estimating the potential impacts of climate change on the abundance of a species is also characterized by uncertainty because environmental change does not necessarily lead to straightforward changes in population size (Å dahl et al., 2006) . We did not consider the ability of owls to adapt or acclimatize via behavioral or physiological mechanisms, which may increase the ability of species to persist in spite of anticipated environmental change (Harte et al., 2004; Chevin et al., 2010) . Owls seek cool roosting sites during periods of warm weather, which may allow them to mitigate some of the negative impacts of warming temperatures (Barrows, 1981) . Second, we modeled owl populations using climate projections that resulted in temperatures greater than observed during the study period (particularly for IPCC scenarios A1B and A2), and we assumed that the nature of the relationships between weather variables and vital rates did not change. If, for example, the positive association between nesting season temperature and reproductive output in Southern California is nonlinear such that reproduction will decline at temperatures greater than we observed in our study, our estimates of risk to this population may be optimistic. While nonlinear effects were not immediately evident in estimated vital rates (Fig. 4) , the extent to which relationships will remain linear outside of weather conditions that occurred during the study period is uncertain. As mentioned above, owls move to sites with cooler microclimate during periods of warm temperature, and such opportunities may be ample in the San Bernardino Mountains given the areas' high elevations, north facing slopes, and mesic riparian areas. Moreover, the San Bernardino Mountains are subject to marine influences where ocean fog reaches the west side of the mountains and has a moderating effect on many owl territories in the mountain range. However, there is clearly a limit to which owls can acclimatize to warming temperatures given (i) their narrow thermoneutral zone and dense, cold-adapted plumage (Barrows, 1981; Weathers et al., 2001) and (ii) the negative relationships between warm, dry conditions and vital rates observed in other areas Glenn et al., 2010, this study) . Finally, our study periods were 11-12 years, which could be considered short in duration given the lifespan of spotted owls, and may not have encompassed the full range of climatic variability experienced by owl populations in the Southwestern United States.
In sum, our modeling effort did not incorporate a number of factors that threaten spotted owls in Southern California that might become even more important over the next century and, thus, the viability of insular populations of spotted owls in this region is far from certain. Uncertainty in predictive ability highlights the importance of monitoring populations to evaluate the accuracy of model predictions, refine model structure and parameter estimates, and ultimately adapt management strategies to observed changes. However, despite uncertainties inherent in our climate-demography models, we believe our results indicate contrasting responses between Arizona/New Mexico and Southern California are likely based on the empirical evidence of a negative influence of warm, dry weather in Arizona and New Mexico compared to the positive influence of warm, dry conditions in Southern California. We believe this is particularly true in the short term when increases in temperatures may not exceed the upper limits observed during out study in Southern California. Clearly, contrasting responses to climate change among conspecific populations with different evolutionary histories and experiencing different climatic regimes highlight the need to tailor conservation strategies among regions. To the extent that population-specific data are available, modeling approaches such as ours can help assess differences in risk among populations, help prioritize the allocation of conservation resources, and guide management at local scales.
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